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Abstract

Multicolor FISH has been adapted for detecting the major types of chromosomal
abnormalities in human sperm including aneuploidies for clinically-relevant
chromosomes, chromosomal aberrations including breaks and rearrangements, and other
numerical abnormalities. The various sperm FISH assays have bgen used to evaluate
healthy men, men of advanced age, and men who have received mutagenic cancer
therapy. The mouse has also been used as a model to investigate the mechanism of
paternally transmitted genetic damage. Sperm FISH for the mouse has been used to
detect chromosomally abnormal mouse sperm, while the PAINT/DAPI analysis of mouse
zygotes has been used to evaluate the types of chromosomal defects that can be paternally

transmitted to the embryo and their effects on embryonic development.
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1. The paternal contribution to abnormal reproductive outcomes

Chromosomal abnormalities transmitted through gametes are associated with
pregnancy loss, infant mortality, developmental and morphological defects, infertility and
genetic diseases including cancer (1). The social and medical costs of reproductive
abnormalities are formidable, yet their causes are not well understood (2). However, it is
known that numerical and structural chromosome aberrations are an important
contributor (3, 4). Annually in the United States, nearly 2 million conceptions (assuming
4.2 million births per year) are lost before the 20™ week of gestation, and of these ~50%
carry chromosomal abnormalities (5). The frequency of chromosomal abnormalities
among newborns in the U.S. is ~0.6%, including aneuploidies and structural
abnormalities.

Chromosomal abnormalities in offspring are typically de novo events that originate in
the germ cells of one of the parents or early after fertilization, when they are likely to
result in mosaicism. Cytogenetic markers and molecular techniques have made it
possible to determine the parent of origin of the abnormal chromosome(s) in affected
offspring and are beginning to help us associate the parental origin of specific
abnormalities with embryonic fates. The relative parental contribution to chromosomal
abnormalities in offspring seems to vary by the defect involved. While constitutive
trisomies (e.g., trisomy 21, 18, 13) have large maternal contribution (6), the male
contribution is more substantial for sex chromosomal aneuploidies (7, 8). In addition,
over 80% of de novo structural chromosomal abnormalities among liveborn appear to be

paternally derived (3, 9). Despite fhe health risk to the developing embryo and offspring,
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little is known about the etiology of paternally-derived structural chromosomal
abnormalities.

The human-sperm/hamster-egg cytogenetic method (or hamster-egg method) has
become the reference method for examining the chromosomal constitution of human
sperm. It is based on the fertilization of capacitated human sperm with hamster oocytes
whose zona pellucidae were removed enzymatically. Originally described by Rudak et
al. (10), this method allows human sperm chromosomes to be examined at the first
metaphase after fertilization in the hamster zygote using standard cytogenetic staining
techniques (11-19). Using the hamster-egg system, significant variation was found in the
frequencies of chromosomally abnormal sperm among healthy men, and these inter-
donor differences were reproducible over time. Moreover, men exposed to certain
genotoxic agents (i.e., chemotherapy and radiation) exhibited higher frequencies of sperm
with chromosomal aberrations compared to controls (20-23). Consistent findings among
laboratories for healthy men have been unexpectedly high frequencies of sperm with
structural chromosomal abnormalities (5%-13%) compared to aneuploidies (1-3%) and
the presence of more chromosomal breaks and fragments than rearrangements. Brandriff
et al. (13) and Estop et al. (17) suggested that these breaks originated somewhere between
the end of male meiosis and the beginning of the S-phase of the first cell cycle after
fertilization but could not determine whether they pre-existed in the fertilizing sperm,
owing to an inherent limitation of that methodology. Moreover, the hamster-egg method

has been difficult and expensive to perform.

2. Advances in the detection of chromosomally abnormal sperm
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During the past decade, fluorescence in situ hybridization (FISH) has evolved into an
efficient molecular cytogenetic approach for detecting sperm aneuploidy in healthy and
exposed men (4, 5, 24) and has facilitated the analysis of much larger numbers of sperm
than was previously possible with the hamster-egg method. Since its introduction, sperm
FISH technology has made several gradual advances. Research emphasis has shifted
from using any chromosome for which a DNA probe is available to chromosomes with
clinical relevance in human aneuploidy syndromes (i.e., 21, 18, 13, X and Y) or
associated with spontaneous abortions (e.g., 16). A second advance was the adaptation of
FISH for the detection of sperm carrying chromosomal rearrangements. Van Hummelen
et al. (25) developed a FISH method, using DNA probes to detect human sperm carrying
three types of chromosomal defects: (a) terminal duplications and deletions in
chromosome 1p (i.e. segmental aneuploidies) which are the sperm products of premeiotic
or meiotic chromosomal breakage events or rearrangements; (b) aneuploidy involving
two autosomes, and (c) diploidy. The average frequency of sperm with terminal
duplications and deletions of 1p by FISH was 6.1 per 10%, which was significantly higher
(P < 0.01) than the 2.1 per 10* sperm with chromosome 1 aneuploidy (i.e., disomy,
nullisomy). A good correlation was obtained between the frequencies of sperm with
structural rearrangements by FISH and the hamster-egg method for a reciprocal
translocation carrier (26).

The majority of aberrations detected in sperm from healthy men by the hamster-egg
method were chromosomal breaks and fragments. The hamster-egg method, however,
could not determine whether these breaks occurred before or after fertilization. Sléter et

al. (27) recently adapted multicolor FISH by integrating three concepts of prior work into
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a single procedure (Table 1, Figure 1A): (a) the detection of 1p duplications and deletions
in sperm (25); (b) the measurement of breaks in 1q12, as developed by Eastmond et al.
(28) for lymphocytes, and (c) aneuploidy analyses by sperm FISH (4). This new FISH
methodology (i.e., sperm ACM method, which utilizes DNA probes specific for the alpha
[1cen], classical [1q12], and midisatellite [1p36.3] regions of chromosome 1) also detects
duplications and deletions of 1cen-1q12, provides the distribution of breakpoint locations
within the ~15Mb Icen-1q12 region in sperm, and provides data for comparisons of the
frequencies of these various chromosomal defects in sperm within a single analysis.

In healthy men, the average frequencies of sperm with partial chromosomal
duplications and deletions (e.g., Figure 1E) by sperm ACM were: (a) 4.5+ 0.5and 4.1 £+
1.3 per 10* involving lpter, and (b) 0.9 = 0.4 and 0.8 + 0.3 per 10* involving Ilcen,
respectively. Duplications to deletions of 1p and duplications to deletions of 1cen each
occurred in ~1:1 ratios. This symmetry may be a product of meiotic segregation of
reciprocal translocations involving 1p which would be expected to produce equal
frequencies of 1p duplications and deletions (i.e., adjacent I segregation), and more
rarely, equal frequencies of sperm with duplications and deletions of 1cen (i.e., adjacent
II). Under the assumption that all duplications and deletions measured by the sperm
ACM assay are derived from reciprocal translocations that are randomly distributed along
the genome, we predicted that 0.5-0.6% of sperm may carry a balanced translocation.
However, the frequency of reciprocal translocations is estimated to be only ~0.1% among
newborns and ~0.2% in prenatal studies (29). The difference between the frequency of
reciprocal translocations observed among offspring and the predicted values obtained by

sperm-FISH may be due, in part, to in utero selection, a non-random distribution of
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translocations within the genome, or an overestimation in sperm due to the presence of
chromosomal invérsions, acentric fragments, or unequal crossing over in spermatocytes.
Recently, FISH analysis of seven unrelated patients revealed de novo duplication of
17p11.2 (i.e., the recombination reciprocal product of the Smith-Magenis 17p11.2
deletion syndrome) which arose from unequal crossing over between homolo‘gous
chromosomes preferentially during spermatogenesis (30). Although unequal crossing
over and pericentric inversions involving 1p might produce symmetrical frequencies of
duplications and deletions of 1p36.3 in sperm, they are not predicted to produce
duplications or deletions of the 1cen-1q12 region. Also, paracentric inversions would not
be expected to yield the duplication and deletion phenotypes shown in Table 1. Thus,
further studies are warranted to determine whether the ACM assay is a valid measure of
rare cells that arise from stem cells or meiotic cells that carry reciprocal translocations.
Acentric fragments are an ambiguous category of damage observed using the‘hamster-
egg method that cannot be resolved with confidence using the sperm ACM assay.
Comparison of the ACM and hamster-egg methods was used to validate the ACM
method. Sperm carrying breaks within the 1cen-1q12 region (i.e., A-C-M and AC-C-M
FISH phenotypes; e.g., Figures 1C-D) comprised 58% of all structural abnormalities
detected by the ACM assay. These phenotypes could represent chromosomal breaks,
translocations, inversions, or partial duplications involving the 1cen-1q12 region. In the
hamster-egg system, chromosomal breaks were the only type of aberration affecting the
lcen-1q12 region and occurred with a frequency of 17.8 per 10* sperm metaphases (11,

12, 16, 19, 31). When compared against the ACM assay, this frequency was not
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statistically different (P = 0.5) from the 14.1 + 1.2 breaks per 10*sperm detected by
FISH.

The strong agreement between the frequency of breaks within the 1cen-1q12 region
measured by FISH and the hamster-egg method provides some evidence that
chromosomal breaks already existed within the fertilizing sperm, and that few, if any,
were induced after fertilization. Furthermore, this interpretation suggests that there may
be little selection at fertilization against sperm carrying chromosome breaks, which
contradicts findings using certain animal models (32, 33), but supports the findings of
Van Hummelen et al. (26) for a reciprocal translocation carrier and Honda et al. (34) for a
Robertsonian carrier.

The aggregate frequency of chromosomal breaks, duplications, and deletions detected
for chromosome 1 was 24.8 per 10* sperm. These structural aberrations accounted for
71% of the abnormalities detected by sperm ACM, which was significantly higher (P <
2x10®) than the 10.1 per 10* sperm carrying numerical abnormalities of chromosome 1

(i.e., disomy, nullisomy, and diploidy; e.g., Figure 1A).

3. Applications of sperm FISH to assess paternal risk factors

Using prior FISH methodologies for sperm aneuploidy, several paternal risk factors
have been identified for sperm disomies, such as paternal age (35-37), chemotherapy (23,
38, 39), and cigarette smoking (24, 40). Our method for detecting chromosomal breaks
and rearrangements in sperm provides an important new approach for measuring
exposure to chromosome-breaking agents and assessing genetic predisposition to such

damage. Pairing our ACM assay with multicolor FISH assays for sperm aneuploidy
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(e.g., the X-Y-21-18 assay (26)) promises to provide a robust approach for detecting

paternally transmissible chromosomal damage of both the numerical and structural types.

4. The need for rodent FISH sperm models

While numerous multicolor sperm FISH assays have been developed to detect
aneuploidy in humans and rodents, methods for detecting structural aberrations in sperm
- are available only for humans. Recently, our lab developed a corollary sperm FISH
method for the mouse to detect partial chromosomal duplication and deletions incvolving
chromosomes 2. Initial findings suggest that the incidence of mouse sperm carrying
chromosomal aberrations is 2.5 fold lower than that found in man (41). As FISH assays
for detecting structural chromosome aberrations in sperm continue to be developed and
applied in various species, it will become increasingly interesting to contrast animal-to-
animal variations within species, variations among species, and the relative differences
among species in their response to environmental exposures or physiological factors (e.g.,

age, diet).

5. Mouse methods for studying transmitted chromosomal aberrations

The mouse is an important animal model in pharmacology, reproductive toxicology,
and cancer research, and its metabolism and physiology have been well characterized. It
is well known that when male mice are treated with a germinal mutagen and mated with
unexposed females, the deleterious effects on reproduction can be dramatic, including
embryonic dominant lethality, heritable translocations, and malformations, as well as

cancer in the offspring. Historically, the identification and characterization of

10
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mammalian germ cell mutagens that may pose a genetic hazard for humans has relied on
the use of the dominant lethal (DL) and the heritable translocation (HT) tests in mice.
The DL test measures the induction of mutations that lead to embryonic death of the
progeny of treated males, while the HT test measures the induction of chromosomal
rearrangements in the offspring of treated males (42 and references therein; 43).
Additionally, the specific locus (SL) test has been used to generate data on induced gene
mutations. As shown in Figure 2, there are 11 chemicals for which DL and HT data are
available. With the exception of etoposide, all chemicals produced the highest DL
response during the postmeiotic stage of spermatogenesis. The high sensitivity of the
postmeiotic stage to chemical exposure is probably related to the reduced DNA repair
capacity of sperm and late spermatids as compared with early spermatids and the other
spermatogenic cell types (44). Therefore, damage induced in these late stages of
spermatogenesis may ‘accumulate and be transmitted. Regarding HT, all chemicals
produced a significant increase in the frequencies of reciprocal translocations among the
offspring, however there were quantitative differences. While there is a close
relationship between the rates at which DL and HT mutations are induced for the
majority of the chemicals studied, 3 of the 11 chemicals (etoposide, isopropyl
methanesulphonate and methyl methanesulphonate) were strong inducers of DL but only
weak inducers of heritable translocations.

The reasons for these differing responses are not fully understood. Our knowledge of
the mechanisms that are involved in the conversion of chemically induced DNA lesions
in male germ cells into genetic aberrations and their transmission to the offspring is very

limited. There is evidence that the nature of the mutations is dependent upon the germ

11
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cell stage rather than upon the chemical administered (45) and that there are differences
in the ability of the eggs of different strains to repair the sperm (46). However, because
the DL test often cannot to provide information on the mechanism(s) responsible for the
observed effects, more direct methods are required to understand the interplay between
nature of the mutagen used, the germ cell stage exposed and its repair status and the

genetic outcome.

6. Cytogenetic analysis of mouse first-cleavage zygotes

The cytogenetic analysis of mouse first-cleavage (1-Cl) zygotes has long been used
for measuring the induction of aneuploidy after treatment of female germ cells (47) and
the induction of chromosomal structural aberrations after treatment of male germ cells
with alkylating agents (48-51), radiomimetics (52) or irradiation (53). An advantage of
the zygote analysis is the possibility of identifying the parentalbon'gin of the abﬁormality
because the paternal and maternal chromosomes do not join until the metaphase stage of
the first mitotic division (54) and because the maternal chromosomes show a higher
degree of condensation with respect to the paternal chromosomes (55). We previously
reported the development of a methodology (PAINT/DAPI analysis) for detecting classes
of chrqmosomal aberrations in mouse first-cleavage (1-Cl) zygotes that are predictive of
spontaneous abortions and offspring with chromosomal abnormalities (56). This
procedure combines DAPI staining, to detect unstable aberrations such as dicentrics and
acentric fragments (Figure 1F), with chromosome-specific FISH painting probes to detect

stable aberrations such as translocations and insertions (Figure 1G).

12
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7. PAINT/DAPI analysis after paternal exposure to acrylamide

We applied the PAINT/DAPI analysis to study the induction and transmission of
stable and unstable chromosomal aberrations in 1-Cl zygotes after treatment of male mice
with acrylamide (57). The objectives were to determine whether PAINT/DAPI analysis
provided reliable estimates of DL and HT frequencies compared with results obtained
using standard breeding methods. Acrylamide (AA) induces chromosomal damage at
first-cleavage (51, 56, 57), abnormalities in preimplantation development (58, 59), DL
(60), HT (61-63) and specific locus mutations (64, 65), particularly after treatment of late
spermatids and early spermatozoa. These cell types are highly sensitive to AA because,
in addition to the reduced repair capacity of these late stages, protamines, basic proteins
that replace histones during mid-spermiogenesis and are the predominant nuclear proteins
during the late postmeiotic stages (66), are considered to be the primary site of AA-
alkylation (67).

Male mice treated with 5 consecutive daily doses of 50 mg/kg acrylamide were mated
with untreated females at various intervals after the last acrylamide injection to allow
comparisons with published DL and HT data. As shown in Figure 3, the number of
zygotes with unstable aberrations provided estimates of dead implants that agreed both in
magnitude and in kinetics with the results obtained in the DL test. Also, the proportion of
zygotes with stable aberrations was comparable with the frequencies of offspring with
heritable translocations reported using the standard HT method (28% versus 38%,
respectively). These results strongly suggested that chromosomal aberrations are the

main cause of embryonic lethality following chemical treatment of male germ cells.

13
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The favorable comparisons of PAINT/DAPI analysis with DL and HT data suggest
that the former is a promising method for identifying germ cell mutagens and provides
more mechanistic information than the standard DL and HT tests. Potential advantages
of PAINT/DAPI analysis of zygotes would be the simultaneous collection of data
predictive of DL and HT outcomes, the elucidation of the cytogenetic mechanisms
responsible for the observed outcomes, and also a dramatic reduction in the number of
animals required for conducting the tests. However, before replacing the current tests,
additional experiments in zygotes must be conducted to determine whether the
correlation between unstable aberrations and dominant lethality and stable aberrations
and heritable translocations holds true for other chemicals, especially for those with

unusual patterns of germ cell specificity and differing DL and HT outcomes.

8. Future directions

We have described the advances in FISH for detecting sperm carrying chromosome
structural aberrations and aneuploidy in humans as well as rodents. We now have an
extensive battery of assays that, at least in humans, offers the possibility of studying
aneuploidy induction for clinically-relevant chromosomes (i.e., those that are compatible
with postnatal life) and of chromosome structural aberrations induced at any stage of
human spermatogenesis (i.e., premeiosis, meiosis and post meiosis. A necessary next
step is the development of similar assays in various species including the mouse and rat.
The applicability of FISH to many species opens the possibility to investigate relative

differences among species in their response to physiological and environmental factors.

14
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In addition to these sperm-based assay, the PAINT/DAPI analysis of mouse zygotes
can be applied to understanding the mechanisms responsible for the differing sensitivity
of the various germ cell stages to the induction and transmission of chromosomal
aberrations to the offspring. An area for improvement is the sensitivity of the assay
which at can be achieved by increasing the number of chromosomes that can be painted
at a given time thereby augmenting the number of exchanges detected. As shown in
Figure 11, we have recently developed a new probe combination that allows the detection
of ~50 of all chromosomal exchanges. Additionally, the increasing number of mice with
specific gene mutations related to DNA metabolism and meiosis provides a tool for
understanding the mechanisms of male germ cell genotoxicity, germ-cell stage
sensitivities, the DNA repair capacity of the fertilized egg, and the risk for paternally

transmitted chromosomal abnormalities.

15
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